Ohmic Three-Terminal Gunn Pulse Regenerator by monolithic Integration by 冨澤,一隆 & 冨沢,一隆
(1976.10.15受理)
OhmicThree・TerminalGunnPulseRegenerator
by、MonolithicIntegration
KazutakaTOMIZAWA
SynOP8i8
SeveralproblemsofthetechnologyofGaAsplanardeviceshavebeenclarifiedre・
gadingthree・terminalohmiccontactG皿n・effectgigapulseregenerators.Severalnew
aspectsofthedesignproceduretodetermineprecisedimensionsofthedeviceandsome
ofthenewdetailsofthedevicefabricationprocessaredescribed、
1.INTRODUCTION.'
Sevefalproblems.ofth6technologyofGaAsplan日idevicesh'avebeenclarified,
' .,.,`↑L
particularly,regardingthree・terminalohmiccontactGunn・effectgigapulseregenerators.
Severalnewaspectsofthedesignproceduretodetermineprecisedimensionsofthedevice、
aredescribedinsection2.Someofthenewdetailsofthedevicefabricationprocessare
describedinsection3.
Thefinalsectionofthispaperpresentssomeexperimentalresultsconcerningthe
trigger・modeoperationoftheplanartypedevice.Oneoftheseresultsistheobservation
ofastaticnegativeslopewhichgivesareductionofthecurrentdropratiointhetrigger-
modeOperation.Itissupposedtobecausedbyastationaryspace-chargelay6runder
theedgeofthecathodeelectrode. り
2.SOMEASPECTSOFTHEDESIGNPROCEDURE
Theepitaxialsliceswhichareusedinourexperimentshavethefollowingspecifica・
コ
tlons:・
Carrierdensity:n≧5×1015〔cm-s〕 ・ ・.
Mobility:・ μ=6000〔cm2V-1sec-1〕.
.'n・layer・thickness:d=2.5～3.0〔 μm〕.・'
Usingthesepararneters,theprecisestructureofathree・terminaldevicehastobedesigned.
IthasanactivepartbetweenthecathodeandtriggerelectrodeasshowninFig..1..A
triggerpulseissuperimposedonthebiasvoltageofthe』triggerelectrodewhendomain
nucleationisrequired.Thedomainishucleatednearthecathodecontact.ihthe;active
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wherenistheionizeddonorconcentration,kisthedepletaionrateofthedomain.k=1
mearistotaldepletion.,dDthedomainlength,.VDthedomairi、.excessvoltageand-ethe
electroniccharge.Assumingk=0.5andlド5×10`5〔cm-8〕forourcases,wehavedD=
1.3μm×V〆VD.VDisdeterminedbytheappliedvoltageVB,thelengthbfloftheactive
layer,thecarrierconcentratiOnn「andtllerelationofVDversusER(thefieldoutsidethe
domain)asshowninFig.2.Thesqconsiderationsshow・thatxσ.hastobelargerthan
6μmVvhennisabove5×1015〔cm-3〕,thelength.oftheactivelayerabout100〔 μm〕and
theappliedvbltage'isnear.thethresholdvoltage.Thefinalpatterhofthemaskis、shown
inFig.3.Thesizeofthe .mask`forohmic.electrodesisslightlysmqllerthanthemaSk
formesa・etchingbecausethe.partoftheohmicelectrode..shoUldbeCompletelycovered
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.'1Geometryof'three.terminaldevice.'
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layerbetweenthecathodeandthetriggerelectrode.Ifasuitablevoltageabovethe
sustainingandbelowthethresholdvoltageisappliedbetweenthecathodeandtheanode,
thenucleateddomainspreadsintotheother4ctivelayerbetween.thecathodeandthe
anodealongthecathρdecontact.Inordertoproducesmoothdomainspreadingalollg
thecathodecontact,suitabledimensionsforxσandy・inFig.1havetobechosen.Theコ　ペニ
smallerthevalueofyσis,thebetteエTheminimumsizeofygisgivenbytheresolution
ofthepatternbythephotolithographictechniqueformesa-etching.If,thethicknessof
theepitaxiallayeris,say,3μm,thesideetchingdueto3μ ロ1deepmesa-etchingisap-
P・・x'im・t・ly3μm.ロ コ
Thesizeofxgshouldbebiggerthanthedomainsize.Thedomainsizecanbe
・al・ul…d・pP・O・ima・ ・lyby・ ・i・g・h・f・ll・wi・g・q…i・nb・ ・ed…m・difigd・ ・i・ngl・
shaped・domainmodel,
dD=2π εVD
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Fig、3Thefinalpatternofthemaskusedfordevicefabrica'tioh.'.・'.'
by・h・ph・ …e・i・・in;・・d・・t・p・ ・…tth・al1・y・d
.m…1・u・face.f・Om・hea・tack・f…h胆 ・・
Thesixinnerstructuresarethethree・terminaldeviceswhereasthepatternsalongtheタ ■.
P・・iph・yp・ ・d・・e・w・-elec…d・d・ ・ice・f・・ … 輌 ・p・r・S:、 、 ..,1{
3.FABRICATIONOFDEVICE.・ ・,1
3.1Thewholeprocessofthefabricationof.thedeviCeisschematicallyshowninFig.4.
Someofthestepsareexplainedhereifnewandimportantpointshaveemerged.
3.2CuttingofWafer、...."㌧ ∵l
Thewaferismountedonacarbonplate.by・'usihgAZ111'photoresistinordertocut
thewaferinto5mmsquarechips.Ifthe.sizeoftheWafet.islsmall6r'thanthis,itis
difficulttoobta▲nauniformthicknessofthephot6reSistlayer.onthbsamp16.afterspinning.
11→3.
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Fig.4Thedevicefabricationprocesses.
Itisrecommendedtouseathickphotoresistlayerbetweenwaferandcarbonplatein
ordertomakecuttingeaSierandfaster・Thewholesurfaceoftheepitaxiallayershould　ぱ
becoveredbythephotoresisttoprotectthesamplefrommechanicaldamage.
3.3CleaningofSample
Acleansurfaceofthesampleisveryimportanttoachievegoodadhesionofthe
SurfaceofGaAs.Inadditiontothecleaningstepsofwashinginacetone,trichloroethylene
and血ethanolwithulsrasonicvibrationfor5minuteseach,thefollowingstepswerefound
necessaryforslightlyimpuresurfaces:一.
BoilinghlAcetoneat80。C,..
・BoilinginMethanolat70。C
,
.BoilinginIPAat70。C,..
Linsingindeionizedwater,、
Boilingin.HCI.'for20minutes,..,'..
Linsillgin'deionizedwater,・,・,・.、
...「-LiIIsing、inIPA,・andfinally、!・ .`…
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ImmersinginChloroform.
ThesamplecanbestoredinChloroformuntilphotoresistiscoated.Tweezersshould
bealwayscleanedwhenthesampleismovedfromonecontainertothenextone.The
sampleneednotbedriedeachtimewhenitismovedfromonesolutiontothenext.
Anexaminationofacleanedsampleunderamicroscopeisrecommendedtoconfirm
whetherthesamplehasbecomereallycleanornot.
3.4Coveringwithphotoresist
ThephotoresistAZ1350isusedintheprocessesforthemetalfloat・offtechniqueand
thefinalmesa・etching.AZ1350isfilteredbeforeitisused,anditisstoredinabrown
91assbottle.Nothinnerisusedinthephotoresistbecauseathickphotoresistlayeris
requiredforthefloat・offtechnique.andforthemesa・etching.Theconditionofspinning
forphotoresistcoating'isasfollows:一"
Numberofrotations4000rpm,ノ
Durationofrotationlsec.
3.5Prebaking'旬
Usuallytheprebakingtimeof30minat80。Cissufficient,however,forthickphoto'
resistlayerwhichwasobtainedbytheconditionofspinningasmentionedabove,1hour
prebakingtimeat80。Cisrecommended.
3.6]Developing
ThedeveloperconsistsofgpartsofdeionizedwaterandlpartofAZ606.Theexposed
photoresistlayerstartstomeltintothedeveloperabout5secaftefthesampleisimmersed
intothedeveloPer.40secdevelopingtimeisenoughforaclearremovaloftheexposed
layer.Linsingshouldbedonesubsequentlyfor15secto30secbydeionizedwater.
3.7Pre・etching
Pre・etchinghasbeendonemainlyforthetwopurposes.Oneistogiveachemically
cleansurfaceforohmiccontacts.Theotheristogivealargestepbetweenthesemicon-
ductorsurfaceandthephotoresistsurface,whichmakesthefloat・offtechniqueveryeasy.
TheetchantusedforetchingisNH8-H,Oi-H20(1:4:20)atroomtemperature.The
etchingrateofthisetchantisabout1μm/min.Theetchingdurationisabout15sec-
20secforpre・etching.Thepictureofthesampleafrerpre-etchingisshowninFig.5.
Amirror-likesurfaceofGaAsisobtainedaftertheetching.Theinterferencepattern
showsthatthestepbetweenthesemiconductorsurfacgandthephotoresistsurfaceis
about1.08μm.・'..
3.8Evapomtionofmetal・
Sn-Agis旦sed 、as.thepaetalforohmiccontactelectrodes.ThethicknessofSnand　 りAgare1000Aand30qOArespectively.In-Ge-Agalso.givesagoOd.ohmiccontacton
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Fig.5Thephotoresistpatternoftheohmiccontactofthed
ThesurfaceofGaAsispre.etchedbyNH3-H202-HO
o
evaporated.Au-Geissimilarlyasuitablemetalforthefloat-offtechnique.
ofGe,however,shouldbeabout1%i
isrequired. .,.
3.9Floatoffofmetal
Itwassaidthatthefloat・offoftheevaporatedmetal
thefabricationofthedevice.However,theprocessisindeedveryeasyi
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GaAs,butthetotalthicknessshouldbebelow5000Aforasmoothfloat-offofthemetal
Thequantity
fagoodohmiccontactonsemiconductingGaAs
.卜
isaratherdifficultprocessin、
fitisdoneby
observingthepointsgivenaboveregardingthecoatingofphotoresistandthepre-etching.
Byimmersingthesampleintoacetone,themetalcomeseasilyoffwithin30secbya
gentlemovementofthewholecontainerwithoutusingQ-tipsnorultrasonicvibration.
ThepictureofthesampleunderamicroscopeisshowninFig.6.
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3.10AlloyingofohmiCcbntacts
ThealloyingcycleforSn-AgonGaAsislminutedurationat350-450。C.Inour
case,thecycleisfixedat450。Cfdrlminuteatpresent.Thesurfaceofthemetalbecomes
roughwhenthelayerofSnisthickThisdoesnotaffect,however,thequalityofthe
ohmiccontacts.AreducedSncontactprδducesmirtor・likemetallisedsurfaces,butthe　
contactsshowahighcontactresistahceRa:ThealloyingcycleforIn-Ge-Ag(600A-
1000A-2000A)isaboutlminuteat620。CandforAu-Ge(2000A-20A)isaboutlminute
at425。C.Theflowofhydrogengasshouldbereducedwhenthesampleisalloyedin
ordertoavoidcooling.ofthesample.ThelowestvaluesofRoobtainedwithIn■Ge-Ag
wasfoundtobeabbut10-4Ω/cm2.ThesecomparativestudiesofRcwereundertakenon
n・layerdepositedonn+substrates:Thelow'fieldresistanceofplanardeviceswasalways
higherthanthatcanbeexpectedfromtheRovaluesobtainedwithsandwichstructures.
Thisisobviouslycausedbythestrongcrowdingofcurrentlinesnearthecontactedges
wheresufficientlyhighfieldscanthusbesetupforsomevelocitysaturationtooccur
evenforlowbiasvoltagesappliedtothedevicesandthuscausinganapparentincrease
inRo.
3.11Mesa・etching
Thefinalprocessofthefabricat輌onofthedeviceismesa・etching.Theproceduresof
coatingofthephotoresist,prebaking,exposureanddevelopingareexactlythesameas
explainedintheprevioussections.Thepictureofthesamplebeforemesa・etchingisshown
inFig.7.Thephotoresistwhichhasalreadybeendevelopediscoveringtheshapeofthe
device.Animportantfactorinmesa-etchingis、the'selectionofasuitablecombination
ofphotoresistandetchantbecausethe(lepthofmesa-etchingforGunn'effectdeviceis
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1arge.IfKodakKPRorKMERphotoresistisused,nodifficultymayarisefromthe
etchingprocessirrespectiveoftheetchantsystemused。H,SOrH202-H,O(3:1:1)',for
example,is.asuitableetchantbecauseofthehighetchingrate.Inourprocess,thephot・
oresistAZ-1350isusedbecausethephotoresisピKMERcanbehardlyremovedwithout
usingaspecialstripper.TheproblemforAZ-1350isthatthephotorbsistisattackedby
anetchantwhichcontansalargeamountofsulfuricdcid.TheetchantH2SOrH202-
H20(3:1:1)is,therefore,unsuitableforthispurpose.H2SOrH20仁H201(1:4:4)can
beusedifthelowetchingrateoftheetchantdoesnotsufferinconvenience.NH,-H202-
H20(1:.4:20)isasuitableetchantofGaAscoveredbyAZ-1350.Theetchantis.also
usediritheprocessofpre'etching.,.About3minutesetchingisrequiredinordertoetch
offann-GaAslayerof3μmthickbecausetheetchingrateoftheetchantis1.1μm/min.
atroomtemperature.Theresultofthe皿esa-etchingisshowninFig.8.Thedepthof
themesaetchingisestimatedtobe3.24μmfromthepatternoftheinterferencemicroscope.
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Fig.8Thedeviceafterthemesa-etchinof3.26μmthiCk.
4.EXPERIMENTALRESULTSANI)DISCUSSION
Ohmicthree-terminaldeviceshavebeendesignedandmanufacturedalongtheprocess
asmentionedintheprevioussections.Firstweexaminedadeviceasatwo-terminal
devicebyapplyingthevoltagejustbetweentheanodeandthecathode.Thisexamination
ofthedevicegivesanideawhetherthequalityoftheGaAsmaterialusedandtheohmic
contactspreparedaregoodornot.Thecircuitfor.themeasurementiSsho'wninFig.9.
Atransistorpu!segeneratorisusedtoapplyabiasvoltagetotheanodeofthedevice.
Detailsofthispulsegeneratorisgivenintheappendix..Alongstriplineisusedfor
thecharginglineつfthepulserbecauseitisconvenienttoproduceavoltagespike
superimposedonabiaspulse.Thecurrentofthedeviceis・measdredthroughacoaxial
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Fig.gSchematicd三agramofthemeasurementcircuit.
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Fig.10Thecurrentwaveformofthedeviceasatwo-terminaldevice
betweentheanodeandthecathode.Thethresholdvoltageis
about36volt.
cablewith509characteristicimpedance,sincetheresistanceofthedeviceishighcom-
paredwiththecharacteristicimpedance.ThecurrentwaveformsareshowninFig.10.
Thetoptraceshowsthec山rentatthe.threshold'voltageof'36voltJ'Thesecond,the
third,thefourthandthebottomtracescorrespondtotheanodevoltageof39,44,55,69
voltrespectively.Thepeaktovalleyratio(i.e.currentdropratiio)ofthecurrentoscillation
11-9
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isqbout40%.Thequalityofthematerialandoftheohmiccontactcanbeexaminedby
thecurrent・voltagecharacteristicshowninFig.11.ThelinearityoftheI-Vcharacteristic
atlowvoltageshowsthattheohmiccontactpreparedonthesampleis
.good.Fromthe
observedlargepeaktovalley}atio,thematerialusedissatisfactoryforapulseprocessing
deviceusingdomaintransits.
?
毫:ト`
・、
灘ぼ
鱗
∵饗
?
?
＼ ・.
ぶ▼
、?
?
、
、
??
?」
.こ.1・こ『
欝 ご
..三..1
..t↑、・.:'
ぷ.
..亭:
Horizontql:20voEt/div.
Verticdl:6.3mA/div.
Fig.11TheI-Vcharacteristicofthedeviceasatwoterminal
'devicebe.tweentheanodeandthecathode.
40
20
↑Cuデrentdroprqtio
x-一 一一一__-X .一ー －X＼ HoiizontalO.5n・sec/Uiv
R, .1.67kn
x.
resistance
→
12`3
Fig.12Thecurrentdropofthedeviceintriggermode
operation・underdifferent.・10adcondition・
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Thetrigger-modeoperationasatwo・terminaldeviceisshowninFig.12.Theload
resistanceconnectedwiththeanodeinseriesislk9.Thecurrentdropratiobecomes
about40%inthiscase.Inordertoobtainasuitableoperatingconditionforlargecurrent
dropratio,triggermodeoperationswithdifferentloadresistancehavebeenexamined.
FromtheI-Vcharacteristic,wesimplyestimatedthatthecurrentdropratiomightbe
greaterwhentheloadresistanceisbigger,however,theresultwasdifferent.Thecurrent
dropratioincreasesandshowsthemaximumwhentheloadresistanceisincreased.If
theloadresistanceisfurtherincreased,thecurrentdropratioshowsagradualdecrease.
ThedependenceofthecurrentdropratioontheloadresistanceisalsoshowninFig.12.
Ifthecorrent-voltage士elationofFig.11isauniquecharacteristicofthedevice,thecurrent
dropratioshouldbemorethan50%whenthedeviceisproperlyloadedandbiased.But
theobservedmaximumcurrentdropratioisupto40%evenifthedeviceisbiasedwith
differentloadcondition.Tounderstandthisphenomenon,the ,1-Vcharacteristicsfor
variousloadreSistanceswereobserved.WefoundaclearstaticnegativeslopeofI-V
characteristicjustabovethethresholdvoltagelasshowninFig.13.Thisstaticnegative
slopedependsontheloadresistance.ThisiseasilynoticedifboththeI-Vcharacteristics
ofFig.11andFig.13arecomparedwitheachother.Because'ofthisstaticcharact・
eristicabovethethresholdvoltage,itisdifficulttoobtainasensitivetriggerrnodeoperation
whenthedeviceisbiasedbelowthreshold.Ifthedeviceisbiasedinthestaticnegative
regiontogiveasensitivetriggering,thecurrentdropbecomessmallerbecausethenegative
slopereducesthepeakcurrentoftheoscillaUon.Wearenotabletogiveaclearexpla・
Horizontal:12volt/tdiV・
Verticat:5.36rhA/'div."
Fig.131-Vcharacteristicof、thedevice■iththeloadresistanceof,5009.'』
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nationforthisstaticcharqcteristic,however,itcanbearguedthatthismightbedueto
thenucleationofastationaryspacechargelayerbythenon・uniformgeometryofthe
device.Obviouslysuchaneffecthastobeavoidedtoobtaingoodtriggersensitivity・
TheI-Vcharacteristicbetweenthetriggerelectrodeandthecathodeismeasuredto
confirmdomaintriggeringbythetriggerelectrode.'Theappliedloadresistancetothe
anodeisfixedto1609whichgivesthemaximumcurrentdropintwoterminaloperation.
Oneofthe.resultsasathreeterminaltriggermodeoperationisshowninFig.14.The
triggermodeoperationisconfirmedhere. .
一
'4
nono・second'
Fig.14Thetriggermodeoperationofathreeterminaldevice・The
anodeofthedeviceisbiasednearthresholdandloadedwith
1600.Abiaspulsewithatriggerspikeisappliedtothe
triggerelectrodeofthedevice.Thecurrentdropisabout20%.
Thecurrentshownisthatmeasuredthroughthecathode,where
thecurrentofthetriggerelectrodeissuperimposedonthe
signalcurrentattheanode・.
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APPENI)IX
Inthepulsemeasurementswhichutilizeseveralpulseswithdifferentpulsedurations,mercury.
switch.pulsegeneratorsareinconvenientbecauseitis三mpossibletosynchronizethesepulse
generators.Thisdifficultycanberemovedifoneusestransistorpulsegeneratorswhichcanbe
triggeredbythetrigger.output,signalfromasamplingoscilloscope.
ThefastrisetimeofthepulsecanbeachievedwhenaNPNswitchingtransistorisusedin
theavalancheregion.ADCvoltageof150voltisappliedtothecollectorofthetransistorthrough
a1∞kgresistorforcharging.Thecharginglineoflmeterlongcanbeusedforproducinga5
nanosecondpulseduration.Whenthelengthofthecharginglineislongerthanlmeter,the
transistorwasottendamagedduringtheoperation.Thetriggerpulseisappliedtothebaseofthe
transistor.Bothatriangularpulseandasquarepulsecanbeusedfortriggering.Avoltageof
O・3voltisenoughfortriggering.Theoutputcableisconnectedtotheemitter.The皿aximum
outputvoltagedependsonthecharacteristicsofanindividualtransistor,but30」40voltcanbeeasily
achievedbytheusualswitchingtransistoLTherisetimeofseveralhundredpicosecondwas
achievedusinga2N3904transistorwhichismanutacturedbyMoturolla.Arelativelyhighoutput
voltageof60voltwasachievedusingaME8002transistormanufacturedbyMullard.
イ
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